J. Fluid Mech. (2009), vol. 631, pp. 375-396.  (© 2009 Cambridge University Press 375
doi:10.1017/S0022112009006818  Printed in the United Kingdom

A reformulation and applications of interfacial
fluids with a free surface

T.S. HAUT AND M. J. ABLOWITZ7

Department of Applied Mathematics, University of Colorado at Boulder, 526 UCB,
Boulder, CO 80209-0526, USA

(Received 14 January 2009 and in revised form 4 March 2009)

A non-local formulation, depending on a free spectral parameter, is presented
governing two ideal fluids separated by a free interface and bounded above either
by a free surface or by a rigid lid. This formulation is shown to be related to
the Dirichlet-Neumann operators associated with the two-fluid equations. As an
application, long wave equations are obtained; these include generalizations of the
Benney-Luke and intermediate long wave equations, as well as their higher order
perturbations. Computational studies reveal that both equations possess lump-type
solutions, which indicate the possible existence of fully localized solitary waves in
interfacial fluids with sufficient surface tension.

1. Introduction

In this paper, we present a new integral formulation of two ideal fluids separated
by a free interface and bounded above by a free surface or rigid lid.

In recent years, there has been significant effort towards developing alternative
formulations of the classic two-fluid equations. In Benjamin & Bridges (1997), the
Euler equations governing two fluids separated by a free interface are developed in a
Hamiltonian framework. This work generalizes the Hamiltonian formulation of water
waves pioneered in Zakharov (1968) and extended in Craig & Sulem (1993) (see also
Craig & Groves 1994; Craig, Schanz & Sulem 1997; Craig & Nicholls 2000; and
Craig et al. 2002). In Craig, Guyenne & Kalisch (2005a), a Hamiltonian formulation
of two fluids with a free interface and surface is obtained in terms of the interface
and surface variables using Dirichlet-Neumann operators.

Here we generalize the integral formulation of water waves developed in Ablowitz,
Fokas & Musslimani (2006) to the two-fluid system with a free surface. In particular,
for the free surface problem we derive the following equations for the interface 7,
the surface 8, ¢ = ¢(x,n,t), Q = @(x,n,t) and P = &(x, 8+ H, t), where ¢ and @
denote the bottom and top velocity potentials (see figure 1):
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FIGURE 1. Two fluids with two free surfaces.
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In (1.1)—(1.5), x = (x1, x2), k = (k1, k), kx = k+x and the constants g, p;, p», o1 and
o, denote gravity, density of the bottom fluid, density of the top fluid and surface
tension at the interface n free surface g + H, respectively. Equations (1.4) and (1.5)
are Bernoulli’s equations, expressed in terms of the interface and surface variables 7,
B, g, O and P. Equations (1.1)—(1.3) depend on a free spectral parameter k, and are
referred to in this paper as the non-local spectral (NSP) equations. In Haut (2008),
the following NSP formulation of the two-fluid problem with a fixed lid is derived
from (1.1)—(1.5):
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We note that Fokas (cf. Fokas 2000 and Fokas 2007) has extensively used such
integral formulations in his analysis of partial differential equations.

We show that the NSP equations (1.1)-(1.3) are equivalent to the kinematic
conditions in the classic two-fluid Euler equations. In particular, we derive from
(1.1)—(1.3) the series expansions of the Dirichlet-Neumann operators given in Craig
et al. (2005a). We also use the adjoint properties of the Dirichlet-Neumann operators
to obtain from (1.1)—(1.3) a dual system of non-local equations for the two-fluid
kinematic conditions.

As an application of the NSP formulation, we derive in (241) dimensions new
scalar long-wave reductions of two fluids with a free surface or rigid lid. Long-wave
reductions of two-fluid systems with either a free surface or a rigid lid have been
extensively studied (cf. the review Helfrich & Melville 2006). Notable model equations
in the case of a rigid upper lid include the Korteweg—de Vries (KdV) equation
(Benjamin 1966), the Benjamin—Ono (BO) equation (Benjamin 1967 and Ono 1975)
and the intermediate long wave (ILW) equation (Joseph 1977; Kubota, Ko & Dobbs
1978; and Ablowitz & Clarkson 1991). Generalizations of the BO equation include
a (2+1)-dimensional version derived in Ablowitz & Segur (1981) from continuously
stratified fluids using a multiple-scale analysis, and a higher order BO equation derived
in Matsuno (1992, 1994). In Choi & Camassa (1996), Boussinesq-type equations are
obtained in (2+1) dimensions for both the free surface and the rigid lid cases, as
well as a (241)-dimensional version of the ILW equation. The (1+1)-dimensional
model equations are extended in Choi & Camassa (1999) under the sole assumption
of long waves, i.e. no small assumption is made on the wave amplitude. In Craig
et al. (2005a), series expansions for Dirichlet-Neumann operators are used to obtain
in (1+1) dimensions higher order long-wave reductions in a variety of asymptotic
regimes. A (1+41)-dimensional Boussinesq-type model is used in Bridges & Donaldson
(2007) to study interfacial solitary waves in the rigid lid case. In Bona, Lannes &
Saut (2008), Boussinesq-type equations are derived and rigorously analysed in (2+1)
dimensions for the rigid lid case.

Here we obtain a new generalization of the (2+1)-dimensional Benney—Luke (BL)
equation (Benney & Luke 1964) for interfacial fluids with a free surface or rigid
lid, which we refer to in this paper as the ILW-BL equation; we also present a
higher order ILW-BL equation. One aim in deriving the ILW-BL equation is the
investigation of fully localized interfacial solitary waves. Such localized solutions
are known to exist for the classical BL equation (see Berger & Milewski 2000 and
Pego & Quintero 1999), and have motivated the existence proof of lump solutions to
the full water wave equations with large enough surface tension (cf. Groves & Sun
2008). One advantage of the ILW-BL equation over Boussinesq-type models is that
the equation is scalar, and the computation of solitary waves can be carried out in
a straightforward way in (2+1) dimensions. In particular, we use a direct iteration
method (cf. Ablowitz & Musslimani 2005) to compute fully localized solutions to the
ILW-BL equation.
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The two dispersion relations resulting from either a free surface or a rigid lid are
qualitatively different in the long-wave regime (Craig et al. 2005a). Specifically, the
dispersion relation resulting from a rigid lid gives one characteristic phase speed; in
contrast, the dispersion relation resulting from a free surface gives, assuming long
waves, characteristic phase speeds that are of different orders of magnitude unless
both the upper and the lower fluids are shallow. This indicates that, while the ILW-BL
equation fully captures the fluid dynamics resulting from a rigid lid, it only describes
the fluid dynamics resulting from a free surface when either special initial conditions
are given, or both the fluids are shallow.

A reduction of the ILW-BL equation gives a (2+1)-dimensional generalization of
the ILW equation, which we refer to in this paper as the ILW-Kadomtsev—Petviashvili
(ILW-KP) equation (see also Choi & Camassa 1999). We also obtain a new higher
order ILW-KP equation, which reduces to a higher order (one-dimensional) ILW
equation (Craig et al. 2005a) and a higher order BO equation (Matsuno 1992, 1994)
upon neglecting y dependence and, in the latter case, taking an infinite bottom layer.
The relationship between the ILW-KP equation and the ILW equation is analogous
to that of the KP equation (Kadomtsev & Petviashvili 1970) and the KdV equation
(Korteweg & deVries 1895). Unlike associated Boussinesq-type or BL-type equations,
the ILW-KP equation has no small parameters in it, and, as such, is of basic
importance. In particular, it is well known that the KP equation possesses rational
solutions with a corresponding linear speed versus amplitude relationship (cf. Ablowitz
& Clarkson 1991). We numerically compute analogous lump-type solutions to the
ILW-KP equation, and show that the resulting speed versus amplitude relationship is
nearly linear. The linearity of the speed—amplitude curve suggests that the ILW-KP
equation could possess some of the remarkable properties exhibited by the KdV, KP,
ILW and BO equations.

2. A non-local spectral reformulation of classic two-fluid equations
2.1. A weak formulation of the classic two-fluid equations

We recall the classic equations governing two ideal fluids separated by a free interface
n and bounded above by a free surface . It is assumed that the upper fluid is of
density p, and the lower fluid is of density p; > p,. The equations are given in terms
of the interface and surface variables, and the velocity potentials ¢ and @ associated
with the upper and lower fluid domains, respectively:

Ap =0, in—h <y<n, (2.1)

¢, =0, ony=—h, (2.2)

N+ Quly + @, = @y, 0Dy =1, (2.3)
AP =0,innp<y<H+8, (2.4)

N+ @ty + Py, = Py, ony =1, (2:5)
B+ Dy By + P, =Py, ony =H + . (2.6)
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In the previous equations, the constants g, oy and o, denote gravity and the surface
tensions associated with the interface and surface, respectively. We also assume that
n, B, V| and |V®| vanish as |x| — oo.

We now obtain a weak formulation of (2.1)—(2.6). Specifically, the weak formulation
consists of finding n, 8, ¢, QO and P such for any suitable functions ¢ and ¥, defined
in the lower fluid domain D(n) and the upper fluid domain D(n, 8), and satisfying

Alp‘ = 07 ¢y|y:—h = 0’ Alp = 07 (29)

the following identities hold:

/ (W ]yos dx + / 40y — Vot - Vin)ly—y dx =0, (2.10)

[ pempiar— [ @) ndr+ [ 0w =V Vo), ds

—/ P(W, — V¥V, B),prndx =0. (2.11)
R2

Equations (2.10) and (2.11), together with the Bernoulli equations (1.4) and (1.5) from
the introduction, constitute a non-local system of equations describing the two-fluid
system. In §(2.2), we will use a convenient basis to replace (2.10) and (2.11) with
explicit integral equations. In §2.3, we show that (2.10)—(2.11) and (2.1)—(2.6) are
equivalent formulations of the kinematic conditions.

We now indicate how to derive (2.10) and (2.11) from the classic two-fluid equations
(2.1)(2.8). Specifically, assume that iy and ¥ are suitably decaying functions defined
in D(n) and D(n, B), respectively, that satisfy conditions (2.9).

To derive (2.10), apply Green’s identity to ¢ and ¢ in the domain D(n) to get

0=/ (0 (AY) — ¥ (Ag)) dV=/ (@(Vy-n)—y (Vo-m) dS =0, (2.12)
D(n) R

D(n)

where n is the unit normal, dV is the volume measure, dS is the surface measure and
dD(n) is the boundary of the bottom fluid. Using

q=¢(x,n.1), n=¢y,—Vip:Vin, ony=n,
and the decaying boundary conditions in (2.12) yields (2.10), upon simplification.
Similarly, to derive (2.11), apply Green’s identity to @ and ¥ in D(n, B) to get
/ {® (V¥ -n)—¥ (VP -n)}dS =0, (2.13)
aD(n.B)

where dD(n, B) denotes the surface of the upper fluid domain D(n, 8). Using
Q=@(x,n.1), P=@(x,p+H1),
nl=¢y_vx¢'vxna ony=mn,
B =®,— V.9V, ony=8+H,

in (2.13) and simplifying gives (2.11).

2.2. Derivation of the non-local spectral equations for two fluids

We derive from (2.10) and (2.11) the NSP equations (1.3)—(1.5) given in the
introduction.
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First, we derive (1.3) from (2.10). To motivate the derivation, recall that the function
¥ occurring in (2.10) satisfies

AY(x,y)=0 Yy(x, —h) = 0. (2.14)

Letting U denote the Fourier transform of  in the x variable, conditions (2.14) can
be expressed in terms of ¥ as

Uys(k, y) = kP (k, ),y (k, —h) = 0.
The solution to this differential equation is
¥ (k, y) = &(k) cosh(|k|y + [K|h), (2.15)

where £ (k) is arbitrary. Reverting back to physical space,

Y(x, y) = /R e & (k) cosh(k|y + [k|h) dk. (2.16)

Therefore, any function  that satisfies (2.14) is formally a sum of basic functions v,
where

Yi(x, y) = e** cosh(lk|y + |k|h).

Since (2.10) is linear, it suffices to force (2.10) to hold for the parameterized family of
functions . Putting ¥, into (2.10) gives

/ ¢ cosh([k| + k|, dx = / q(ei“k|sinh(|k|n+k|h)
R? R2

— e cosh(k|n+|k|h)(k-V)n> dx. (2.17)
Finally, using

e |k| sinh(|k|n + |k|h)—ie"* cosh(|k|n + |k|h)(k-V)y = —iV - (aikxm”k““r'k'h)k)

|kl

in (2.17) and integrating by parts gives us (1.1), upon noting that the boundary terms
that come from integration by parts are zero when interpreted in the appropriate
distributional sense. Indeed, for any smooth function f(k) with supp(f) < (—L, L) X
(—L, L) (and suppressing ¢ dependence),

i kj sinh(|k[n + [k|h) >= Lotk sinh((k|n(x) + |k|h)
(s i) [ e g S

l)Ck sinh(|k|h) Lot ks cosh(Zex)
—q(x)/L/L W f(k)dk+n(X)q(X)/L/Lek Remset) pieyat,

where j = 1,2 and [¢ 4] < ﬁL\n(x)L The first integral in the second line of the
previous equation goes to zero as |x| — oo, by the Riemann-Lebesgue lemma. The
second integral also goes to zero as |x| — oo, since the integrand is bounded by a
constant and n — 0 as |x| — oo.

We use the same reasoning to derive equations (1.2)—(1.3) from (2.11). Specifically,
it suffices that (2.11) holds for the basic functions

Wi(x, y) = e sinh(lk|y — |k|H), i(x, y) = sinh(|k|y)e’ .
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Taking W (x, y) = €** sinh(|k|y — |k|H) in (2.11), we get that

/ e sinh(|k|8)8, dx — / e sinh(|k|n — [k|H)n, dx
R2

R2

=—/ Qe (k| cosh(|k|n — [k|H) — i sinh(|k|n — |k| H) (k- V) n) dx
R2

+/ Pe**(|k| cosh(|k|B) — i sinh(|k|8) (k- V) B) dx. (2.18)
R2

Simplifying the previous equation gives us (1.2). Similarly, taking ¥ (x,y) =
e sinh(|k|y) in (2.11) gives us (1.3).

It will be useful in our subsequent analysis to write (1.1)—(1.3) in operator notation.
To do so, replace k by —k in (1.1)—(1.3) and formally take the inverse Fourier
transform to get

/ / e* =) cosh(|k|n + |k|h)n, dx’ dk

. "o k k
= —i/ / e“ = sinh(|k|n + |k|h) (1qx; + 26]x4) dx' dk,
» Jre k| k|
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R JR2 R? JR?

o k k
=/ / e =) cosh(lk|(n — H)) (ile;+i2Qxé> dx’ dk
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—/ e‘k(x_")cosh(|k|,3) <i1Px; +i
R |k|

P. | dx'dk,
k] ) *

et sinnu(p + g avak— [ [ e sin ki ax di
2 JRr2 2 JR?

oo k k
:/ / %= cosh(|k|n) (ilei-l-izQxé) dx’ dk
r Jr k| k|

—/ / e =) cosh(|k|(B(x', ) + H)) (iquxr+i]€2Px/) dx’ dk.
r Jr2 k|- k|
In operator notation, the previous equations become
A(m)n: = B(n)q, (2.19)
An(n) An(p) M\ _ Bui(n) Bi(B) 0 (220)
Axn(n) Axn(B) B Byi(n)  Bxn(B) P ‘

2.3. Equivalence of classic and weak formulations

In this section, we show that the weak formulation and equations (2.1)—(2.6) are
equivalent.

To do so, it will be convenient to follow Craig et al. (2005a) and re-express (2.1)-
(2.6) in terms of Dirichlet-Neumann operators acting on the interface and surface
variables. Specifically, (2.1)—(2.3) can be written in terms of the Dirichlet—-Neumann
operator G(n) as

n=Gng = (¢, — Vi@ Vn)ly=y, (2.21)
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where ¢ satisfies the Dirichlet problem
Ap=0, forxeR>and —h <y <n, ox,n)=gq, @y(x, —h) = 0.

Similarly, (2.4)—(2.6) can be written in terms of the Dirichlet-Neumann operators
Gij(nv ﬂ)o la.] = 1’ 2’ as

. =—Gu(B,nQ —Gn(B,n)P

= (d)ly - Vxdsl 'Vxn)|y:i7 + (¢2y - Vx¢2 'Vxn)|y:n’ (222)
B =Gu(B,nQ+ Gu(B,n)P
= (¢1y — Vx¢1 'VXIB)|y=ﬂ+H + (Cpgy — Vx(pz 'Vx,B)|y=/3+H7 (223)

where @ and @, satisfy the Dirichlet problems
A(D1=0, @l(x,n)=Q, ¢1(.X,,8+H)=0
A(D2:0, @2()(,7’]):0, @2(X,,3+H):P

To show the equivalence of the two formulations, suppose that n, 8, g, Q and P
satisfy (2.10) and (2.11). We show that

n=—Gum, B)Q — Gnn, B)P. (2.24)

The other cases are similar.
Fix time ¢, and let Q be an arbitrary, decaying function. In (2.11), let ¥ solve the
Dirichlet problem

A¥Y =0in D(n,B), ¥(x,n)=0, ¥(x,B+H)=0.
Then (2.11) reduces to

Qn,dx=/ Q(lI/y—V,ClI/-Vm)IF,,dx—i-/ P(W,—V, W -V, ), psn dx.  (2.25)
R? R? R2

Since

Gn(?% ,B)Q = (_"I/v + V¥ 'Vxn)|y=na

G21(77’ IB)Q = (_lpy +V, ¥ 'Vxﬂ)|y=ﬁ+Ha

equation (2.25) can be written as

Qn,dxz—/ QGn(n,ﬁ)de—/ PGai(n. )0 dx.
R2 R2 R2

Using the identities

Gu(n, B)" = Gun, B), G, B)" = Gun, ),
where * denotes the adjoint (these follow from Green’s identity), the previous equation

implies that

[ 00+ Gt p10 + Gt p)P) dx =0
RZ
Since Q is arbitrary, (2.24) follows.

2.4. Dual integral equations

In this section we derive a system of integral equations that are dual to (1.1)—(1.3).
These are similar to an equation used in (Craig et al. 2005b) to analyse water wave
propagation over a variable bottom.
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The dual to (1.1) is given by the coupled system

_ . itx SIND(K|(n + 7)) o
n =—iV /R ke — g, dk, (2.26)
/ ¢** cosh((n + h)|k|))E dk = q. (2.27)

Similarly, the dual to (1.2) and (1.3) is given by the coupled system

. h — kIH) ~ . h —~
n,:iv-/ gitex COShUkIn — K| H) o dk—iV-/ gier SOSHUKI) 2 4y (5 g
RZ R2

k| k|
g =iv- | ot COSh(|k|l3)§1 dk—V- / oikx cosh(lk|(B + H))gz k. (229)
R: k| R |k|
0=— / ¢ sinh(|k|(n — H))& dk + / ¢ sinh(|k|n)&, dk, (2.30)
R? R2
P=— / ¢ sinh(|k|B)& dk + / % sinh(|k|(8 + H))&, dk. (2.31)
RZ RZ

Equations (2.26)—(2.30) yield an alternative integral formulation of (2.1)—(2.6).

For the derivation, we use that equations (2.19)—(2.20) implicitly define expressions
for the various Dirichlet-Neumann operators appearing in the previous section.
Specifically, using equations (2.21)—(2.23) in (2.19)—(2.20) gives the following implicit
expressions for G(n) and G;;(n, B):

A(n)G(n) = B(n), (2.32)

<A11(77) A12(,3)> <—G11('7, B) —Gunln, ,3)> <B11(77) B2(B)
Ax(n)  Axn(B) Gxu(n,B)  Gn(n,p) Byi(n)  Bxn(B)
Using the relationships
Gn)" =G, Gu,B) =Gu,B),
Gn(n, B)" = Gn(n, B), Gn, B) =Gu, ),
we take the adjoint of (2.32) and (2.33) to get

G(n)A() = B()", (2.34)
<—Gn(n,ﬂ) Gn(?%ﬂ)) (An(n)* Azl(ﬁ)*> B (Bnm)* le(m*)

—Gau(n. B) Gu(.B)) \Anm) AnB) ]\ Buin) Bxn(B)

After some routine matrix manipulations, the previous matrix equation can be
rewritten as

(—Gn(n, B) —Glz(n,m) (An(n)* —M(ﬂ)*)

) . (233)

_ (Bum)®™  —Bxu(B)
—Bn(n)" Ba(B) )’
(2.35)
Equations (2.34) and (2.35) implicitly give expressions for the Dirichlet-Neumann

operators, and lead to the following alternative integral formulation of the two-fluid
system (dual to (2.19) and (2.20)):

n, = B(n) A(n)""'q, (2.36)

(m) _ ( Bii(n) —321(,3)*> < Aii(n)” —1‘121(,3)*>_1 <Q> (2.37)
B: —Bp(n)" Bn(B) —An(m)’  An(B) P ’

Gu(n, B)  Gxn(n, p) —An(n)”  Axn(B)
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The adjoints occurring in the previous two equations are explicitly given by

A(n)* = cosh(n(x)|D| + |D|H), (2.38)
B(n)* = Dy sinh(n(x)|D| + |D|H)|DD1| + D, sinh(n(x)|D| + |D|H)|DD1|, (2.39)
An(n)’ = —sinh(n(0)| D| — | D|H). (2.40)
An(B) = sinh(B(x)|D)). (2.41)
An(n)’ = —sinh((x)| D). (2.42)
An(B) = sinh(B(x)|D| — |D|H), (2.43)
Bi(n) = — Dy cosh(n(x)| D] — |D|H)|DD‘| — Dycosh(n(x)| D] — D|H>|DD2|, (2.44)
" D, D,
Bulp)’ = Di cosh(A(x)|DI) - + Dacosh(B(x) D) 2> (2.45)
« D, D,
Ba(n)" = —Dy cosh(n(x)| D)) 2= — D, cosh(n(x)| D)) 22, (2.46)
D] D]
Ba(B) = Dy cosh(B(x)|D| + H|ID) 2L + Dy cosh(B(x)|D| + HIDN 2, (247)

|D| |D|’
where
D = (Dy, D) = (—idy,, —idy,).

In the expressions for A, B, A;‘j and B[}, we have used standard pseudo-differential
notation. For example, the action of B, on a given function f is

(B i) = =i, | e coshn(x)kl — k)L k) dk

—iaxz/ eikx cosh(n(x)|k|—k|H)|]:f(k)dk.
R2

As an example of how we obtained (2.38)—(2.47), we compute A(n)". Given suitable
functions f and g,

(s, = [ dxgto ( [ akaxes e coshiuionia + H))f(x’)) ,

/ dx’ f(x') < / / dk dx &) cosh(|k|(n(x") + H))g(x)) ,

/dx’f(x/) (/ dk dx e*'=x) cosh(|k|(n(x’) + H))g(x)),

[axsw) ( [ akess coshirinte) + H))g(k)>,

(fs A(n)"g).

Employing similar techniques as in Craig et al. (2005a), we re-derive (2.28)—(2.31)
from first principles (the derivation of (2.26)—(2.27) is similar). To do so, first note
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that if n = 8 =0, then

by 1) = /R?e sinh(|k|H) Ok, 1) dic + e sinh(|k\H)P(k’t)dk

satisfies (2.4)—(2.6). In general, we look for a solution @ of the form

?(x, y, t)=—/ ¢®* sinh(|k|y — k| H)& (k, t)dk+/ ¢ sinh(|k|y)Ea(k, 1) dk. (2.48)
R? R?

Then @ satisfies (2.4)—(2.6) if

0=— / ¢ sinh(|k|(n — H))& dk + / x sinh(|k|n)&, dk,
R2

€
R2

P = —/ ¢* sinh(|k|B)&; dk +/ x sinh(|k|(B + H))&, dk.
R2

€
R2

Using (2.40)—(2.43), this can be written in operator notation as

—1
g\ _ [ Au(m)”  —Aul) 0
<‘§2> - (—Alz(ﬂ)* Axn(B) ) (P) (2.49)

With (2.49), we use (2.48) to calculate that
n =&, (x,n+ H)—=V,@(x,n)V.n
= —/ e** k| cosh(|k|n — |k| H)E dk +/ e** k| cosh(|k|n)&> dk
RZ

R2

—I—i/ % (k - V) sinh(|k|n — k| H)&, dk—i/ ¥ (k - V) sinh(|k|)& (k) dk
R? R2

. h(lk|n — |k|H) ~ ..cosh(|k|n) ~
— lvx . / kelk-x Cos (| |77 ‘ | )Sl dk o le . / kelk'x Cos (| ‘77)52 . k
R k| R? Ik|

Similarly,
B =Py(x,B+H)—V,P(x, 8+ H) VB

. h ~ . h H)) ~
=iVx-/ ik €08 (Iklﬁ(x))%1 dk—iVx-/ & eikx €08 (kB + ))ézdk.
- |k| R |k|

Using (2.40)—(2.43), we can write the above two equations as

N: _ Bll(n)sic —821(7’))* Sl
<'8f> B <_Bl2(.3)* Bxu(B) > <§2>' (2.50)

Combining (2.49) and (2.50) gives us (2.37).

3. Conservation laws and integral identities for two fluids

In Ablowitz et al. (2006), conservation laws and integral identities for water waves
are derived from the non-local spectral formulation (see Benjamin & Olver 1982 for
a systematic analysis of conservation laws and symmetries of classic water waves).
We now derive the analogous conservation laws and integral identities from the NSP
formulation.
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Specifically, let k — ek in (1.1)—(1.5) and expand in €. Setting the €° coefficient to
zero and taking k, = 0,

B / Py Qn gy —
8,/R2(7]+2H i dx + szl 7 o dx =0, (3.1)

g P, 0O _
8’/1{2(/3+2I{_21‘I>dx+/112x1<H_H)dx_o' (3.2)

Subtracting (3.2) from (3.1) yields the equation

0y /Rz (n—pB)dx =0, (3.3)

which is conservation of mass in the upper fluid domain.
Similarly, setting to zero the €! coefficient coming from (1.1)—(1.5), and taking
ky =0,

2 2 2 2
1 g~ _H X1 n H B
+/R<< 2H T 2H 6>P"'+(2H H 3 +n> Qxl)dx_o, (3.4)

2 2 2 >
11 n H Xy B H B
+/Rz<<2H 2H+6>Q’“‘+< 2H+2H+3+ﬂ)P’”)dx_0’ (3:5)

Now subtract (3.5) from (3.4) to get

H H
3:/112)61(/3—7)):/1{2((2+ﬂ>Px1+(—77+2) Qx1>dx (36)

Similarly, setting k, = 0 in the €' coefficient gives us

H H
at/RzXZ(ﬁ_n)z/Rz <(2+IB> Px2+<_7]+2) sz)dx (37)

Equations (3.6)—(3.7) represent the evolution of the center of mass; the right-hand

side is the momentum of the fluid. Analogues of (3.6)—(3.7) are derived in Benjamin

& Bridges (1997) for the case of two infinite fluid layers separated by a free interface.
Finally, setting the €? term to zero yields the following virial-type formulae,

2 1
o [ (=== g )

Lo ((Z ) n (5o
RZ

where j = 0, 1. There are no known analogues of (3.8) in the literature.
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4. Long-wave reductions of two fluids and solitary waves
4.1. Non-dimensionalization of NSP equations

We now non-dimensionalize (1.1)—(1.5). To do so, define the non-dimentional variables
x',t',n', B, q', Q" and P' by

X1 X2 ’ \/gH /
Xi :T’ .Xé:]/T, r = i z, 6”7/:771 aIB :/37
, _agHgq _aglQ P aglP

q = /;gH’ Q_ TH’ - ,;gH’

where [ is a characteristic wavelength, a is the characteristic wave amplitude and y is
a non-dimensional parameter. Then (1.1)—(1.5) become, after dropping primes,

/ eflkx COSh(|k|(,LL€7’] + Ol))?’], dx = —i / elkx sin (|k|(l]/;|€77 + Ol)) (k 'V)q dx, (41)
R? R2

m / e % sinh(|k|pueB)B; dx — / e’ sinh(|k|(en — ), dx
R R

_ l/ eikaOSh(|k(|/]:|€n - /’L)) (k'V) de _ l/ eikx(DSIl("]iCW (k‘V) de’
R2 R2

(4.2)
m / e sinh(lk|(neB + w))B, dx — / e sinh(|k|wen)n, dx
R? R?

_ / oikr COShURILEn) o 4 1 / e—iks COShUKIEB + 1)) (o) p g
R2 R2

k| k|
(4.3)

> (1 + pneVgq - Vn)?
2(1+ w2 vl

1
(M% + Eueleqlz + 1 — pe

1 (n: +€VQ-Vn) 2 Vi
- + ~€lVO)* + 1 — e =pwo V| —m—— |,
1% (Qt 2 | Q| n n 2 (1 + 62/1,2|Vn|2) n o1 /71 + €2M2|V77|2

(4.4)
L uppag (BteVP-VB o v8
P+ 2E‘VP| + B D (1 +62M2|Vﬂ|2) = uoV <\/W> . (4.5)

In the previous equations,

V=_0y,70), k=(ki,vk), x=(x1,x2/y),

a H h 5 o1 5 oy 02
€e=— pu=—, a=-, G=—=, 6= . p=
pgH? pgH? P

H l 1’

We assume that u, and y? are O(1), and that « is O(1) or larger. We initially make
no assumption on the size of ¢; this added generality will allow us to derive a (2+1)-
dimensional analogue of the ‘fully nonlinear’ Boussinesq-type equations derived in
Choi & Camassa (1999). We also assume that oy and o, are of order of O(1/w),
which will allow us compute lumps to the reduced equations.
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4.2. A Benney—Luke type equation for interfacial fluids with a free surface or rigid lid

In this section, we will derive from (4.1)—(4.5) (interfacial waves with a free surface)
the following BL-type equation for interfacial waves with a free surface:

Qtt - C% Qx1x1 - Vch szxz + 6(2Qx1 Qxlt + Qthlxl)

+ /’L(_lpc%COth(Dla)Qxlxlxl + IO (c‘foﬁ‘z + 61) QX[X[X[X[) = 07 (4'6)

where ¢? = (1 — p). We refer to (4.6) as the ILW-BL equation. In Haut (2008), the
following version of (4.6) is derived for interfacial waves with a fixed lid:

Qtf - c(z)Qxlxl - Vzc(z)szxz + G(ZQM Qxlt + Qthlxl)

2 ~
+ 122 <_iC;)COth(Dla)Qx1x1x1 + ZQx1x1x1x1> = 07 (47)

where ¢ = (1/p — 1) and & is the non-dimensional surface tension associated with
the interface.
In (4.6), if we make the change of variables

E=x1—cit, T=¢€t, y=ux,

and set y> = u = €, we also get, to leading order, the following (2+1)-dimensional
version of the ILW equation (see also Choi & Camassa 1996 for the zero surface
tension case):

2C1U)§r + cfwyy + 3C1(U)5U))g + l.C%,O COth(OlDl)U)ggg — ,O(C?O"NZ + 51)11)5555, (48)
where w = Q¢. We refer to (4.8) as the ILW-KP equation. The following ILW-KP
equation can be derived for the rigid lid case (see Choi & Camassa 1996; Haut 2008):

s G
2cowe, + cw,y, + 3co(wew); + i;o coth(aDy)wges — ;wEggg. (4.9)

We now derive (4.6). Expanding (4.1), (4.2), (4.4) and (4.5) in  and y? and taking
the inverse Fourier transform,

qx, = i coth(aDy)n, + o(1), (4.10)
PX1X1 - QX]X] + V2 (P)QXZ - szxz) = 0()/29 l’l’)? (4'11)
5 p o
(1= pn = pQs = pGingy — ngi +€7(05,) + €’ (0%) +oly’, ), (412)
1
P+ :3 + EGPXZI - ﬂ52,3x1x1 = 0()/2, M) (413)

In (4.10), D; = —id,,. Similarly, multiply (4.2) by cosh(|k|u), subtract it from (4.3),
and divide by sinh(|k|u). Expanding the result in p and y?2,
e =B+ Qe + 77 Qs + €(Piy By — 0, Oy + BPuyy —1Q0x) + 0y, 1), (4.14)

Equation (4.6) now follows from (4.10)—(4.14). In detail, recursively solve (4.13) for
B in terms of P:

1
B=—P — EGPXZ1 — UG Pxixit + 0()/2, i, €). (4.15)

Similarly, from (4.11) we get
Q=P+o(y’ ue). (4.16)
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Using (4.15) and (4.16) in (4.14),

Ny = Qx1x1 - Qtt + Vzme - M51 Qxlxltt
— € (n)ﬂ QXI + nQX1X1 + 2Q.X] Q.X]t + Qt Q)C]X]) + 0()’2’ /’L’ 6)' (4‘17)

Now differentiate (4.12) with respect to x; and use (4.10) to express ¢,, in terms of 7,:

(I = p)ny = p Qi + U1 Ny iz, — pi cOth(ar D)y + eg (0%),, +ole p,y?). (4.18)

Finally, differentiate (4.17) and (4.18) with respect to x; and ¢, respectively. Equating
the resulting equations for 7,,, and repeatedly using

77=/0/(1—P)Qt+0(1), N = Qx1x1 _ta+0(1)a Qtl =(1_p)Qx1x1 +0(1)a

gives (4.6), upon simplification.
Carrying out the above procedure to the next order in €, we also get the following
higher order ILW-BL equation, where T = coth(aD;), x = x{, and y = x:

Qtt _cfox
+6( - l,OC%T (Qxxx) - C12ny + 2Qx th + (612 + /O) Qt Qxx + 1Y (0—2641‘ + O‘1) Qxxxx)

1
+€2(SipT (QuQu) +3iT (0 Qune) +2ipT (Q,Qu) = 5(p = DPT*(Qury)

3, .
- Elpc%T(Qxyy) + 10(2:0 - 1)C%T2 (Qxxxx) + 174 (3/0020‘1‘ + (3:0 - 1)01) T (Qxxxxx)

3
+2Qy Qyt + (C% + p) Qtoy - 110 (TQxxt) Qx - ilo (Tth Qxx) + E (C% + /O) Q)zc Qxx
B 2p (azc‘l‘ + 201) O,x P (302611 + 401) O

1) Qxxt + 210 (0126'41l + O'1) Qxxyy - 2 Qxxx
cy €1

010, 1 o (c24p) (02¢ +01) O
- P 12 Qxxxl+7C% ((610_3)0% - 3,0+1) Qxxxx_ ( ! ) ( 7 ! ) d Qxxxx

a 6 I

2 (poict —20109ct — o}
+ i (p 2 6‘2 2 1> Qxxxxxx) = 0(63).

1

Similarly, here is the higher order ILW-KP equation:

201 Q¢c +¢1Qyy +3¢1 Qe Qe +ipciT(Qees) — p (02¢] +01) Oseee
+e(Sipei T(QF) + Sipei T(Q: Qsee) + %iPCfT(sty) - %PCsz(styy)
+(1=2p)pciT*(Qeces) — ip (3poact + (3p — 1)o1) T(Qsesee) — O
—ipci(T Qesr) Qs + €10,y Qs — 206 Qer + 2010y Oy — ipci(T Qes) Qsr
—0: Q¢ — %Qg Qi —2p (02t + 1) Qeeyy — (orei +801) Qe Qs

1
1 p (o2ct + 201) Q¢
+ 5(3/02 —3p + 1)ct Qeeee — (2 o ) Qgese

2 2.6 44 2
P~ (—posci + 20105¢] + 0
+ ( 2 )Q&‘Eéééé) = 0(€%).
1
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FiGURE 2. The speed versus maximum amplitude relationships for (4.19) and (4.20) when € =
1/10 and ¢ = (1/+/2) — cc€, with ¢, =.5,1,1.5, ..., 5. Lower points correspond to (4.20), while
upper points correspond to (4.19).

The term Q.. in the higher order ILW-KP equation can be asymptotically replaced
by

cr [ 3 c
O = —1/ Qyyr dx — *Cl(Qg)r — IP*IT(str) + 2 (02c] — 01) Qeeer + Ofe).
2 ). 4 2 2

4.3. Lump solutions of the ILW—-BL and ILW-KP equations

We numerically investigate lump solutions of the ILW-BL equation (4.6), and compute
the resulting speed versus maximum amplitude curve. We also compute lumps to the
ILW-KP equation (4.9) assuming intermediate and deep bottom fluid layers (¢ = 1
and o = 10).

In (4.6), we move to a coordinate system travelling with velocity c in the x,-direction
(for convenience, we take zero velocity in the x,-direction). By taking € = u = y?,
p=1/2,61=1,6,=0, and « = 1, we obtain

1 ) 1 3¢, 1 1 .
- - - — = “ei coth(D =
(2 c ) Wy, + zéwm2 + 5 €(W )y x, 26wxmx1xl + 461 coth(D1)wy x5, =0,
(4.19)

where w = Q,,. Assuming that ¢ = \/1/7 — c,€, (4.19) becomes, to leading order, the
ILW-KP equation
2ecwyy, + 1w + i(wz) — lw + 1i coth(Dq)w =0 (4.20)
x Wixix; 2 X2X2 2\/§ X1X1 2 X1X1X1X] 4 1 X1X1X] . .
We use the spectral renormalization (SPRZ) method (Ablowitz & Musslimani 2005)
to find lump solutions to (4.19) and (4.20) when € =1/10 and € =1/100. The SPRZ
method is explained in Appendix B. In (4.19) and (4.20), we take c=1 — ec, and
c,=.5,1,1.5...,5
Figure 2 shows the resulting speed versus maximum amplitude relationship when
€ =1/10. The upper points in figure 2 correspond to solutions of the ILW-BL equation
(4.19), while the lower points correspond to solutions of the ILW-KP equation (4.20).
Each upper dot represents a point of the form (c,, Wy ), Where w,,,, is the maximum
amplitude of the solution w(x, y) to (4.19) corresponding to ¢ =1 — ec,. Similarly,
each lower dot represents a point of the form (c,, Wpax), Whay 18 the maximum
amplitude of the solution to (4.20) corresponding to c,. We see from figure 2 that
the speed—amplitude curve for the ILW-KP equation is a straight line. In contrast,
the speed—amplitude curve for the ILW-BL equation begins to deviate markedly with
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FIGURE 3. The speed versus maximum amplitude relationship for (4.19) and (4.20) when € =
1/100 and ¢ = (1/ﬁ)—cxe, with ¢, =.5,1, 1.5, ..., 5. Lower points correspond to (4.20), while
upper points correspond to (4.19)
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FIGURE 4. Maximum amplitude versus speed —c for « =1 (lower line) and « =10
(upper line), i.e. the ILW-KP and ILW-BO regimes, respectively.

strong curvature from that of the ILW-KP (straight line) curve for speeds ¢ away
from /1/2.

Figure 3 shows the resulting speed versus maximum amplitude relationship when
€ =1/100. As in figure 2, upper points in figure 3 correspond to solutions of (4.19),
while the lower points correspond to solutions of (4.20). We see from figure 3 that the
speed—amplitude curve for the ILW-BL equation approaches that of the ILW-KP
equation for e =1/100.

In a similar manner, we now compute lump solutions to the ILW-KP equation
(4.9) for a =1 and @ =10. In (4.9), we take p=1/2, 6§ =1, and pass to a travelling
coordinate system moving with velocity ¢ in the x;-direction. Figure 4 displays the
resulting speed versus amplitude relationship, which is linear in both cases. Note that
the horizontal axis in figure 4 is —c. Figures 5 and 6 display the x cross-sections
w(x,0) and y cross-sections w(0, y), respectively, for a typical speed ¢=—1.5 and
a=1.
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x Cross-section x Cross-section

I |

—20 -10 10 20

FiGURe 5. ILW-KP x cross-sections w(x, 0) for « =1 (left figure) and « =10 (right figure).
In each case, the speed c is —1.5.

y Cross-section y Cross-section
20 —20

10 20

FIGURE 6. ILW-KP y cross-sections w(0, y) for « =1 (left figure) and o =10 (right figure).
In each case, the speed ¢ is —1.5.

5. Conclusion

In this paper, we derived a NSP formulation for interfacial fluids with a free surface.
In this formulation, the kinematic conditions in the classic two-fluid equations are
replaced by a coupled system of three integral equations that depend on a free spectral
parameter, and relate the free interface and surface variables. By reformulating the
Bernoulli equations in terms of the interface and surface variables, a closed system is
obtained that serves as an alternative formulation of the classic two-fluid equations.
An advantage of the NSP equations is that the depth variable is removed.

In the first section, we presented a weak formulation of the two-fluid Euler
equations. Specifically, we obtained integral equations relating the free interface and
surface variables. We then analysed the connection between the NSP formulation and
the Dirichlet—-Neumann operators associated with the two-fluid Euler equations. We
also related the weak formulation and the classic two-fluid equations. Additionally,
we used the adjoint properties of the Dirichlet—Neumann operators to obtain a dual
system of non-local equations. These dual equations are the formal adjoints of the
non-local spectral equations, and give another integral formulation of the two-fluid
problem. Finally, we demonstrated that the non-local spectral formulation captures
the kinematic conditions in the two-fluid equations. To this end, we reproduced from
the non-local formulation the series expansions of the Dirichlet-Neumann operators
associated with the two-fluid equations.

From the NSP formulation, we obtained what we call the ILW-BL equation, a
generalization of the BL equation to interfacial fluids with a free surface or rigid
lid. We also derived what we refer to as the ILW-KP equation, an asymptotically
distinguished (2+41) generalization of the intermediate long-wave equation, as well as
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higher order generalizations. We then computed lump-type solutions to the ILW-BL
and ILW-KP equations, and compared their resulting speed versus amplitude curves.
It is of interest that the speed—amplitude curve of the ILW-KP equation is linear,
which is also the case for the KP equation.

This work was partially supported by NSF grant DMS0604151.

Appendix A. Derivation of Dirichlet-Neumann series

In Craig et al. (2005a), series expansions for the Dirichlet-Neumann operators G()
and Gy(B, n) are derived. Here we outline the derivation of the (2+1)-dimensional
versions of these series from (2.33) (the derivation for G(n) is analogous). The full
details can be found in Haut (2008).

In particular, we find expansions of the form

Guln, B) = Z G, B),

p.q=0

where the operators G;j“’)(n, B) are homogenous of degree (p, g). That is, for any
real numbers ¢ and 6§,

G (en, 8B) = €*81G " (n, B). (A1)
To do so, first write out the matrix equation (2.33) as four equations:
—AnmGu, B) + An(B)Gau(n, B) = Bu(n), (A2)
—An(m)Gu(n, B) + An(B)Gu(n, B) = Bau(n), (A3)
—A1(MGn(n, B) + Aa(B)Gnu(n, B) = Bia(B), (A4)
—Ax(MG12(n, B) + An(B)Gn(n, B) = Bn(p). (A5)

Now expand the operators A;; and B;; about n = 0:

An(n) = ZA (), An(B)= ZA (B),  An(n) = ZA (),
An(B) = ZA B).  Buln) = ZB (), Blz(ﬁ>=23i£’(ﬁ>,
j=0

321(n)=ZB§{’<n), By(B) = ZB (B),
j=0

where Af{’,') and B,ﬁ*,” are homogenous of degree j. In particular, a straightforward
calculation yields

e—H\D\ + (_1)j+leH|D|

Aljl (77) - . '(eH‘D‘ — e_HlDl) (_1)1|D|j77]’
. 1+( 1)]+1
() —
Alg(ﬁ) - ] (eHlDl efH\D\)|D| IBI
- 14 (—1)iH o
AR () =~ DI,

27 1(eHIPl — e—HIDI)
—H|D| _1)/tlaH|D|
A212(ﬂ)_ j!(eH‘D‘—e_H‘D‘) |D|]ﬂjv
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and
H|D| —1) e HID|
(g S t(=1)e YDy j
Bll (77) - j!(eH‘D‘ _eiH‘D‘) ‘D‘I (Dln]Dl +D2771D2),
; 1+ (=1) . . .
() — i1 J J
Bl2 (ﬂ) - ]‘2(6H‘D‘ _efH\D\)‘D‘ (Dlﬂ Dl +D2/8 Dz)a
14 (1)

|D|/~Y(Din’ Dy + Dan’ D),

Béjl)(ﬂ) = _j!2(eH\D\ — e~ HIDI)

B (n) = i — ooy 1P (D18’ D1 + Dap/ D).

Putting the expansions for A, By and Gy, into (A 2)—(A5), replacing n by en and
B by 88 and equating coefficients of €”§? yield the desired recursion relations for

Gllcjl,q(n’ :3)
When p+4g =0,

Gi1"(n.8) G"(n.B)\ [ IDlcoth(DIH) —|D| csch(|DIH)
G0%m. B) GV, B) —|D| csch(|D|H)  |D|coth(|D|H)
Now assuming that p 4+ ¢ = m, one can express G\"'? in terms of G!;”), when

r +s < m. For brevity, we only consider when p + ¢ = m and p, g # 0, although the
other cases are similar. From (A 2)—(A 5) we equate all terms of degree €787 to get

- 2 ARG (. p) + Z AE(BIGY (0. B) = 0.

=0

- 2 A5G (. B) + Z A%(BIGY (0. B) = 0.
- Z Af G (. p) + Z A (B)GY (0. B) = 0.

—2A<P DG, )+ 30 AL BIGE 0. ) = 0.

j=0
Using that A\) = AY) = —1, where I is the identity operator and AY) = A =0, the
previous four equations give us Gﬁfl’ ‘) in terms of G*), when r +s5 < m:

p—1 qg—1

GHm. B) =D AL GH (. B) =D AL (BIGH (. ). (A6)

j=0 j=0
G (n. B) = ZA&’T”(mGS-’f‘”(n,ﬁ)+ZA‘;’;”<5)G‘£’”(:7,/3), (A7)
j=0 Jj=0

p—1 q—1
G, B) = Z ATGE (B =D AG(BIGE (0, B), (A8)

j=0

.
., B) = ZN DG . B) + Y A% (BIGH (0. B). (A9
j=0
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Finally, we need to take the adjoint equations (A 6)—(A9) to relate them to Craig
et al. (2005a). For example, taking the adjoint of (A 6) is

p—1 q—1
Gii"n, ) =3 Gii”(n. AT () —>_ G (n, BIAL(B)
j=0 j=0

where .
eHID| 4 (_1)it+1gHIDI

(j) —
A11(’7) =0 j!(eH\D\_e—H\D\) |

. 1+ (—1)/*!
() _
A]g(,B) - jj!2(6H|D| _e—H\D\)

| J

El

DI

Appendix B. Spectral renormalization method
For concreteness, we discuss how to apply the SPRZ method to compute modes
for (4.19).
First take the Fourier transform of (4.19) and rearrange the equation to get
—(3/2)k? —
(3 — Ak} + 1ek? + ek} — feks COth(kl)

A
w =

If 1 —¢? > 0, then the denominator in the previous equation is zero only when k; =
k, =0.

In general, we cannot find a solution to (B 1) by naive iteration. Instead, we assume
that w = Av, where 4 is an unknown parameter and v is an unknown function (this
step is the renormalization part). Then (B 1) can be written in terms of 2 and v as

—(3/2)k; -
(5 — Nk} + 1ek3 + Jek! — feki coth(kl)

(B2)

A
V=

Note that by multiplying (B 2) by d (where 9 denotes the conjugate of ¥ ), rearranging,
and integrating the result we get

Jeo (G — D] + ek} + Sekt — jeki coth(ky)) DD dk

)= — (B 3)
Jr2(3/2)kiv?0 dk
Finally, we use (B2) and (B 3) for our SPRZ scheme:
_ (3/2)k? —
n+1 = _;Vn B4
o . (3 — Dk} + 1ek? + Jekt — Leks coth(kl) (B4)
; Jeo (B =N + Lek3 + Lek! — Leki coth(ky)) 0,0, dk (B5)
n+1 = —
" Joe(3/2)kt vnzvn dk
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